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 - 12 nm
2.15 eV - 1.93 eV
23 nm
 - 48 nm
0.93 eV - 0.72 eV
6.7 nm
 - 18 nm
0.78 eV - 0.54 eV
2.3 nm
 - 4.7 nm
1.7 nm
 - 4.0 nm
15 nm
 - 40 nm










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2Parameter InAs GaAs InP CdSe
E
g
(eV) 0.418 1.519 1.424 1.84

so
(eV) 0.38 0.341 0.11 0.42




- - - 0.119

1
19.67 6.98 4.95 2.52

2
8.37 2.25 1.65 0.65

3
9.29 2.88 2.35 0.95
E
P
(eV) 22.2 22.7 20.4 17.4
a
c
(eV) -6.67 -9.55 -7.33 -
a
v
(eV) 1.67 0.95 0.73 -
b (eV) -1.8 -2.0 -2.0 -
d (eV) -3.6 -5.4 -5.0 -
a
latt
(nm) 0.6058 0.5653 0.5869 -
C
xxxx
(GPa) 832.9 1211 1022 -
C
xxyy
(GPa) 452.6 548 576 -
C
xyxy
(GPa) 395.9 604 460 -
TABLE I: Material Parameters used in the calculations[12].
The valence band oset (VBO) is the unstrained valence en-
ergy, determining the band alignment in SAQDs. For CQDs
innite barriers were used for the vacuum.
loidal quantum dots (CQD), as well as in InAs/GaAs and
InAs/InP self assembled quantum dots (SAQD). This set,
while not exhaustive, spans a broad range of parameters
by including unstrained spherical and strained lens-like
dots with widely varying bandgaps.
The AC Stark eect with unpolarized light is a nonlin-
ear eect whereby light with photon energy tuned near
to the absorption transition between two states induces a
level repulsion between the two states[9, 11]. In pertur-
bation theory[10] this level repulsion depends on If=Æ,
where I is the light intensity, f is the oscillator strength
of the transition, and Æ is the detuning of the photon en-
ergy from the transition energy (see Fig. 1b). When
circularly polarized light illuminates a transition from
the rst valence state pair to the rst conduction state
pair in a crystal with spin-orbit interaction the oscilla-
tor strengths of the transitions dier considerably; this is
the source of the eective spin splitting of the conduction
state pair.
Optical Stark shifts were calculated non-perturbatively
using a restricted basis of quantum dot wave functions
calculated with k  p theory in the envelope approxima-
tion. The wave functions were calculated numerically on
a real-space cubic grid using the Lanczos algorithm[13].
This method has been used previously to calculate a va-
riety of electronic properties of strained QDs. The grid
spacing was chosen to match the lattice constant of the
barrier material in the SAQDs, and the dot material it-





depending on the size of the QD. For SAQDs
the strain arising from lattice mismatch was calculated
by doing a conjugate gradient minimization of the con-
tinuum elasticity strain energy. The strain was then used
as input to an eight-band strain-dependent Hamiltonian,
which was diagonalized as described above. Because of
the larger bandgap and lack of strain, the CdSe cal-
culations were performed with a single-band model for
the conduction band, and a four-band model for the va-
lence band. The CdSe calculations were done for the
zincblende form. The material parameters are given in
Table I.
Calculation of the energy shifts under illumination was
done by constructing a restricted set of Fock states for the
combined electron-photon system. Eight valence states
and the lowest conduction doublet were used for the
quantum dot states. The states in the basis for the
electron-photon system were j1; 0; 1; 1; 1; 1; 1;1;1; 1;N

i,
j0; 1; 1; 1;1;1; 1; 1;1;1;N

i, j1; 1; 1; 1; : : :0; : : : ; (N   1)

i
for a total of 10 states. For the rst two Fock states all
valence states and one conduction state are occupied, and
there are N

photons in the photon eld. For the other
eight Fock states, both conduction states are occupied,
only one valence state is unoccupied, and there is one
less photon than in the rst two states. Inclusion of ad-
ditional states did not alter the results. In this restricted
basis the Hamiltonian for the coupled electron-photon






















































































; : : : (3)
where
~
P is the momentum operator, ~ is the polarization







are the valence and conduction band states respec-
tively, and d
ij
are the dipole matrix elements. Coherent
states for the light eld can then be naturally constructed
from the mixed electron-photon states obtained above.
In Fig 2a and 2b are shown the energies of the con-
duction states for two representative dot systems: an
InAs/GaAs SAQD and a CdSe CQD. In both cases,the
splittings increase as the detuning approaches zero, and
change sign when the detuning changes sign. The rst
notable feature is the dierence in spin selectivity, which
can be traced to the diering strain and shape. For CdSe
both spin states are shifted, but by dierent amounts,
while for InAs/GaAs only one spin state is shifted. Be-
cause the CdSe dot has approximate spherical symmetry
and is unstrained, the highest valence states are closely
spaced ( < 1 meV), with comparable amounts of heavy
hole (HH) and light hole (LH) character. As a result,
both the HH and LH transitions contribute to the Stark
shift, and both spin directions for the conduction state
are shifted. The dierence between the shifts reects the
dierence in oscillator strengths for HH and LH transi-






























FIG. 2: a) Energy levels for an InAs/GaAs dot with 1.245 eV





conduction band electron has spin parallel to the direction of
the incident light. b) CdSe dot with 2.030 eV bandgap.
in bulk band-to-band transitions, 3:1. In contrast, for
InAs/GaAs dots the highest valence state is almost en-
tirely HH, and separated from the next valence state by
several tens of meV (depending on size). Hence, the Stark
shift is dominated by the (doubly degenerate) highest va-
lence state which gives a Stark shift for only one spin
direction of the conduction electron.
We now examine the eect of dot size on the spin split-
ting. Shown in Fig. 3 are the splittings for detunings
from 30 meV - 70 meV for the four systems under consid-
eration. Since we are ultimately interested in manipulat-
ing spins through the eective magnetic eld, it is useful
to consider the precession angle associated with a light
pulse of duration Æt , given by 
s
= EÆt=~ where E is
the Stark spin splitting between up and down conduction
states. In the results that follow, we give Stark splittings
in both meV, and the corresponding 
s
for a 200 fs pulse




, which we refer to as a
reference pulse. The  2meV spin splitting seen in CdSe
CQD's agrees with that measured experimentally [6].
The trend in Fig. 3 is surprising; for a given material
system larger dots have larger splittings, in spite of the
fact that oscillator strengths decrease with increasing dot
size. The reason is that the the interaction term in the
Hamiltonian is proportional to 1=!. For a xed detuning,
the increase in 1=! for larger dots dominates the decrease
in the dipole matrix element.
The importance of the bandgap suggests selecting the



































FIG. 3: Stark splittings as a function bandgap and detuning
for InAs, InAs/InP, InAs/GaAs, and CdSe quantum dots.
The angle 
s



































FIG. 4: Sensitivity of 
s
to variations in the bandgap as a
function of bandgap and detuning, estimated using a nite
dierence approximation. Note that larger detunings than in
Fig. 2 were used so there would be values of 
s
at xed values
of ~! for every bandgap value. 
s
is computed assuming a
reference pulse
use a small bandgap material, such as InAs, but to avoid
the bandgap-increasing eect of strain by using an InAs
CQD. Connement increases the bandgap over that of
bulk InAs, but for typical CQD sizes E
g
< 1 eV, which
is substantially less than E
g
 2 eV for CdSe CQDs.
Fig. 3 conrms the expectation that InAs CQDs have
larger splittings than CdSe CQDs over most of the range
of sizes, but the increase in splitting is at most a factor of
1.5. While InAs CQDs have larger splittings than CdSe,
they are still a factor of 5 smaller than for InAs/GaAs.
In spite of a smaller bandgap, the lack of strain in InAs
CQDs decreases the HH/LH splitting so much that the
Stark splitting is substantially decreased as well.
An alternative to the complete elimination of strain
is to choose a substrate material that has a lattice con-
stant closer to InAs. InAs/InP is an excellent candi-
date, with a lattice mismatch of 4% (as opposed to 7%
4for InAs/GaAs), and a edge-to-edge bandgap of approx-
imately 0:5 eV[14, 15]. The highest valence state is still
predominantly HH, and the rst excited valence state
ranges from 10 meV - 30 meV below, depending on size.
In addition, InAs/InP has a bandgap at the technolog-
ically important 1:55 m. Fig. 3 shows that the split-
tings in InAs/InP are substantially larger than those for
InAs/GaAs. Some of the improvement is simply due to
the smaller bandgap and the factor of 1=! in the inter-
action as discussed earlier. However, the discontinuity in
the curves indicates the improvement due to the increase
in strain and the resulting increased HH/LH splitting.





fs pulse width, a -rotation is possible at even large de-
tunings, Æ =  70meV.
We now consider errors in 
s
due to the (unavoidable)
variations in the bandgap of the dots. For measurements
on an ensemble of dots, inhomogeneities in the dot size
will yield a dierent rotation angle for dierent dots.
More relevant for a quantum computer, in which indi-
vidual dots will be selected, the nite line width of the
states will cause some uncertainty in 
s
. To address this




















as shown in Fig. 4. For the materials and sizes





, depending on detuning. The results of
Fig. 4 may be used to estimate the uncertainty in the
rotation angle, 
s
. For example, an ensemble measure-
ment of InAs/InP dots with an inhomogeneous linewidth
of 50 meV would give 
s
 0:5 for a -pulse, which
should be suÆcient to permit observation of a spin echo.
For a single dot with a linewidth of 0.1meV,
s
 0:001,
corresponding to a bit error rate of 10
 6
. This is suÆ-
ciently small for error correction algorithms to apply[16]








may also arise from shot noise in the laser
pulse. The electric eld E
0
appearing in Eq. 2 has some
uncertainty due to variations in the number of photons in
the pulse. Assuming the laser is focused to 1 m
2
with a
photon energy of 1 eV, a reference pulse contains approx-
imately 10
7
photons. The uncertainty in the incident in-













The corresponding bit error rate is approximately 10
 6
,
which is still acceptably small for error correction[16].
This estimate gives a lower limit on the error rate since
it neglects additional sources of laser noise that would
increase the error rate.
We conclude that use of the spin-AC Stark eect is a
viable approach to single qubit manipulation in quantum
dots. The magnitude of the Stark splitting in SAQDs is
5-10 times larger than in CQDs due to the strain-induced
HH/LH splitting. The Stark splitting also increases with
decreasing bandgap, though the eect is smaller that of
strain. Because strain increases both the HH/LH split-
ting and the bandgap, nding the optimal system in-
volves a seeking a system with suÆcient strain to in-
duce HH/LH splitting, but not so much as to make the
bandgap too large. We propose as a candidate system
InA/InP dots, which are strained, but have a relatively
small bandgap of 0.7-0.9 eV. This energy range includes
1:55 m, which may be important for interconnection
within a quantum computer, or for quantum commu-
nication applications. We nd that for such dots, -





, 200 fs) and detunings (-70 meV). For typ-
ical inhomogeneous broadening (50 meV) the variation
in rotation angle is 
s
 0:5. For a single dot with an
intrinsic linewidth of 0.1 meV we estimate the bit error
rate to be on the order of 10
 6
, and we estimate the bit
error rate due to laser shot noise is also on the order of
10
 6
. These error rates are suÆciently low for quantum
error correction.
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